Auxin response factors (ARFs), together with auxin/indole acetic acid proteins (Aux/IAAs), are transcription factors that play key roles in regulating auxin-responsive transcription in plants. Current models for auxin signaling predict that auxin response is dependent on ARF-Aux/IAA interactions mediated by the related protein-protein interaction domain (i.e., referred to as the CTD) found in the ARF and Aux/IAA C-terminal regions. When auxin concentrations in a cell are low, ARF activators residing on the promoters of auxin response genes are thought to be inactive because of the association with dominant Aux/IAA repressors. When auxin concentrations are elevated, the Aux/IAA repressors are recruited to auxin receptors and degraded via the ubiquitin-proteasome pathway. Destruction of the Aux/IAA repressors allows the ARF activators to function in derepressing/activating auxin response genes. While this auxin signaling pathway is simple and attractive, it is unclear whether auxin-regulated gene expression is solely dependent on ARF-Aux/IAA interactions. Here we show that auxin can affect the expression of auxin response genes in a manner that is independent of the ARF activator CTD.
Introduction
A major auxin signaling pathway is known to involve the rapid regulation of auxin response genes. 1 This pathway consists of several well-known components, including auxin response factors (ARFs) that function as either transcriptional activators or repressors, auxin/indole acetic acid (Aux/IAA) transcriptional repressors, the topless (TPL) co-repressor and the transport inhibitor response1 (TIR1) receptor families of proteins. ARFs contain a conserved N-terminal DNA-binding domain (DBD or D) that targets TGTCTC and related auxin response elements (AuxREs), a nonconserved middle region (MR or M) that functions as a portable activation (AD) or repression domain (RD), and in most cases, a conserved C-terminal protein-protein interaction domain (CTD or C) that resembles PB1 domains found throughout eukaryotes and facilitates interactions among ARF and Aux/IAA proteins.
Abbreviations: AD, activation domain; ARF, auxin response factor; Aux/IAA, auxin/indole acetic acid; AuxREs, auxin response elements; CAT, chloramphenicol acetyltransferase; CTD, carboxyl terminal domain; ChIP, chromatin immunoprecipitation; DBD, DNA-binding domain; GD, gal4 DNA-binding domain; MR, middle region; RD, repression domain; 1-NAA, 1-naphthalene acetic acid domain (e.g., Glu/AspLeuXLeuXLeu, where X may be one of several different amino acids, 4, 5 an adjacent degron domain that targets Aux/IAA proteins to the ubiquitin-proteasome pathway in an auxin-dependent manner and a CTD that resembles the CTD found in ARFs and facilitates protein-protein interactions among ARF and Aux/IAA proteins. 3, 6 TPL is a Groucho/Tup1-like corepressor that interacts with the EAR-like repression domain in Aux/IAA proteins and other repressors and presumably modifies chromatin to a repressive state. [7] [8] [9] TIR1 is both an auxin receptor and a part of the SCF ubiquitin ligase complex that binds both auxin and the degron of Aux/IAA proteins and facilitates the entry of Aux/IAA repressors into the ubiquitin-proteasome pathway. 6 Models for auxin signaling predict that the auxin response is dictated by ARF-Aux/IAA interactions, which are mediated by the related CTD protein-protein interaction domain found in both families of transcription factors. 3 It has been proposed that ARFs are targeted to AuxREs in promoters of auxin response genes independently of auxin levels in transfected protoplasts. To assess whether an ARF activator CTD was strictly required for auxin-responsive gene expression, full-length ARF effector genes, 35S:ARF5 and 35S:ARF7, and ARF effector genes lacking a CTD, 35S:5D5M and 35S:7D7M, were transfected into Arabidopsis nph4-1/arf7 mutant mesophyll protoplasts containing an integrated auxin-responsive 2XD0:GUS reporter gene. 11, 12 Effector genes lacking the CTD are designated with a D and M for the DNA-binding domain and middle region containing the AD, respectively. The 2XD0 promoter consists of two copies of a 72 bp region in the soybean GH3 promoter that confers auxin responsiveness when fused to a minimal CaMV 35S promoter. 13 Protoplasts isolated from nph4-1/arf7 mutant were used for transfection assays because these protoplasts display very low levels of auxin-responsive gene expression unless they are transfected with an ARF activator.
11 Figure 1A shows that protoplasts transfected with effector genes encoding full-length ARF5 or ARF7 had reporter gene expression that was strongly inducible by auxin (i.e., 5-to 30-fold), while protoplasts transfected with effector genes encoding ARF5 or ARF7 CTD truncations (5D5M and 7D7M) had reporter gene expression that was reduced in terms of an auxin response (i.e., 4-to 8-fold), but, nevertheless, still showed a response to auxin. These results indicated that the ARF activator CTD is not absolutely required for auxin response with an integrated 2XD0:GUS reporter gene in protoplast transfection assays.
To rule out the possibility that something special about the 2XD0:GUS reporter gene might be responsible for the auxin response observed with ARF activator CTD truncated proteins, transfection assays were also performed with nph4−1/arf7 protoplasts containing an integrated DR5:GUS reporter gene. Figure  1B shows that transfection of protoplasts with effector genes encoding full-length ARF5 or ARF7 enhanced reporter gene expression in a strongly auxin-dependent manner, as described previously. 11 In contrast, transfection with effector genes encoding ARF5 or ARF7 CTD truncations (5D5M and 7D7M) restored reporter gene expression, but the restoration in expression was not fully dependent on auxin. Nevertheless, addition of auxin enhanced expression of the DR5:GUS reporter gene by 2-3-fold, supporting results observed with the 2XD0:GUS reporter gene (Fig. 1A) . Thus, results with both auxin response reporter genes indicate that an auxin response is not fully dependent on the CTDs of ARF5 and ARF7.
An AD is sufficient to confer an auxin response with an ARF5 DBD. We next tested whether the glutamine-rich AD of the ARF5 CTD truncated protein could be substituted with a heterologous AD or RD in maintaining an auxin response. To carry out these experiments, the ARF7 glutamine-rich AD, the herpes simplex virus VP16 acidic AD and the proline-rich ARF1 RD were swapped for the ARF5 AD to create 35S:5D7M, 35S:5DVP and 35S:5D1M, respectively. Figure 2 shows that nph4−1/arf7 protoplasts transfected with either the 35S:5D7M or 35S:5DVP effector gene showed an auxin response as did 35S:5D5M, but the 35S:5D1M effector gene showed no response, similar to the CAT control. These results suggest that an AD is required for an auxin response with the ARF5 CTD truncated protein, but cells.
2,10,11 ARF activators residing on promoters of auxin response genes are thought to be inactive when cells contain low amounts of free auxin, because they are associated with dominant Aux/ IAA repressors. When the amount of auxin within cells rises, the ARFs are freed from the Aux/IAA repressors and allowed to derepress/activate auxin response genes. 2 In turn, the Aux/IAA repressors are recruited to the TIR1 SCF-ubiquitin ligase complex where they become ubiquitinated and shuttled to the proteasome for destruction. 6 While experimental evidence is largely consistent with this model for auxin signaling, it remains possible that additional complexity for auxin-mediated transcription remains to be discovered. Here we show that ARF activators lacking a CTD can nevertheless regulate gene expression in an auxindependent manner, suggesting that ARF-Aux/IAA interactions are not strictly required for auxin-responsive gene expression. Figure 1 . Expression of an integrated auxin-responsive reporter gene in Arabidopsis nnph4-1/arf7 protoplasts transfected with full-length or CTD truncated ARF5 and ARF7 proteins. Truncated constructs are denoted as 5D5M and 7D7M. Arabidopsis mesophyll protoplasts were isolated from nph4-1/arf7 leaves containing a stably integrated 2XD0:GUS (A) or DR5:GUS (B) reporter gene, full-length or CTD truncated ARF5 and ARF7 effector genes were transfected into protoplasts and incubated in darkness in the presence (black columns) and absence (white columns) of 1 µM 1-NAA (1-naphthalene acetic acid) for 20-22 h and then GUS activities were measured. 11 A 35S:CAT (chloramphenicol acetyltransferase) plasmid was used as a control for the amount of effector plasmid DNA (10 µg) introduced into protoplasts. Data represent mean ± SD of three replicates. In some case, error bars may not visible because of their small size.
Results

ARF5 and ARF7 lacking a CTD show an auxin response when tested on integrated auxin-responsive reporter genes in
effector gene, 35S:IAA17mII (i.e., a stabilized version of Arabidopsis IAA17), resulted in complete loss of Gal(4X):GUS expression in the presence or absence of auxin. In total, these results are consistent with the ARF5 CTD being required for an auxin response and supported the current model for auxinregulated gene expression. Conclusions reached from the above protoplast transfection experiments do not, however, rule out additional mechanisms for auxin-responsive gene expression, as suggested from results presented in this manuscript.
Why might the results in the Tiwari et al. 10 studies differ from those reported here? The current studies were conducted with Arabidopsis nph4-1/arf7 mesophyll protoplasts that have no ARF7 gene expression and show very little expression of the stably integrated, single copy 2XD0:GUS and DR5:GUS reporter genes whether or not auxin is applied to the protoplasts. 11, 15 With the ARF7 glutamine-rich AD and the VP16 acidic AD can substitute for the ARF5 glutamine-rich AD. Expression of ARF5 CTD truncated proteins with substituted DBDs show an auxin response. We then tested whether the DBD of the ARF5 CTD truncated protein could be substituted with a heterologous DBD from an activator or repressor ARF. To carry out these experiments, the ARF1, ARF6 or ARF7 DBD was used to substitute the ARF5 DBD in the ARF5 CTD truncated protein to generate 35S:1D5M, 35S:6D5M and 35S:7D5M respectively. Figure 3 shows that protoplasts transfected with 35S:1D5M, 35S:6D5M and 35S:7D5M all showed an auxin response as did 35S:5D5M. These results show that a repressor ARF1 DBD or activator ARF6 or ARF7 DBD can be substituted for the ARF5 DBD in ARF CTD truncated proteins and suggest that a specific type of ARF DBD may not be important for the auxin response with ARF activator CTD truncated proteins (i.e., there is not something special about ARF5 or ARF7 DBD in targeting the CTD truncated ARF to 2XD0 auxin response elements and conferring an auxin response).
The auxin dose response shows a similar pattern for fulllength ARF5 and ARF5 CTD truncated proteins in protoplast transfection assays. To determine if the dose response to exogenous auxin is similar or different for protoplasts transfected with the full-length ARF5 effector gene and CTD-truncated versions of the ARF5 effector genes, 35S:ARF5, 35S:5D5M and 35S:5DVP were transfected into protoplasts. Figure 4 shows that the dose response for the three effector genes follows a similar pattern with a maximal response between 3 to 100 μM NAA. Thus, a similar amount of auxin is required for an auxin response on the 2XD0:GUS reporter gene whether the response is driven by a full-length ARF activator or an ARF activator lacking a CTD.
Discussion
As pointed out in the Introduction, current models for auxinregulated gene expression suggest that auxin response is dictated by ARF-Aux/IAA interactions, and these interactions are dependent on related CTD protein-protein interaction domains found in ARF activator and Aux/IAA repressor proteins. 3, 10, 11, 14 Our results presented here suggest, however, that these models may not fully explain how auxin-responsive gene expression is conferred, because an auxin response is still observed with two different reporter genes that are targeted by ARFs lacking a CTD.
Parts of the current model for auxin-responsive gene expression are based on results of Tiwari et al., 10 who observed that effector genes encoding 35S:5D5M, 35S:5DVP, 35S:1D5M and 35S:1DVP conferred high level constitutive expression (in the presence or absence of exogenous auxin, with little or no auxin enhancement) when transfected along with a P3(4X):GUS reporter gene into wild type carrot suspension cell protoplasts. This same study showed that the CTD of ARF5 was able to confer auxin-responsiveness to an effector gene encoding the yeast Gal4 DBD (GD) fused to the ARF5 MC, creating 35S:GD5M5C, when tested in carrot protoplasts with a transfected Gal(4X):GUS reporter gene. Co-transfection of a second as brassinolide in ChIP (chromatin immunoprecipitation) assay experiments. These results suggest that auxin levels might influence the targeting of ARFs to at least some AuxREs in promoters of auxin response genes. This might occur through direct effects on ARF binding to DNA target sites or through interactions with other transcription factors or chromatin-associated proteins.
Potential involvement of chromatin modifications in negatively regulating auxin response gene expression is suggested from studies with TPL, which likely plays a role in inducing a repressive chromatin state through posttranslational histone modifications (i.e., histone deacetylation and methylation/demethylation) on auxin response genes. 9 Other results suggest that the reversal of this process (i.e., induction of an active chromatin state through histone acetylation and methylation/demethylation) plays an important role in the activation of auxin response genes. [21] [22] [23] It seems likely that chromatin modifications could impact on the binding of ARFs to their AuxRE target sites. Auxin might play a direct or indirect role in altering the state of chromatin and thus influence the binding of ARFs to auxin response promoters. Phosphorylation of ARF proteins (e.g., ARF2) might also influence their DNA-binding activity and phosphorylation of ARF2 may be an auxin-dependent process. 24, 25 The study reported here along with the chromatin and phosphorylation studies summarized above suggest that it would be worthwhile to launch investigations into mechanisms involved in auxin-responsive gene expression that explore areas beyond ARF-Aux/IAA CTD interactions on promoters of auxin response genes. Our results further suggest that employing integrated reporter genes in protoplast transfection assays 11, 15 may provide additional insight into how transcription factors might regulate hormone-responsive genes and other genes through multiple levels of control.
Materials and Methods
Plant materials and growth conditions. Arabidopsis nph4-1/arf7 mutant plants with an integrated auxin response reporter gene 2XD0:GUS or DR5:GUS were used in this study. 12, 26 Arabidopsis seeds were germinated in 3×3-inch pots containing Pro-Mix soil (Premier Horticulture) and grown at 20°C under constant illumination. Leaves from 3-5-wk-old plants were used for protoplast isolation, as described previously.
11,15
Effector constructs. Constructs including full-length ARF5 and ARF7 and their CTD truncated protein constructs ARF5DBD5MR (5D5M) and ARF7DBD7MR (7D7M) were described previously. 10, 11 Domain swap constructs ARF5DBDARF1MR (5D1M), ARF5DBDARF7MR (5D7M), ARF1DBDARF5MR (1D5M) and ARF6DBDARF5MR (6D5M) were made by fusing the designated ARF DBD in-frame with the designated ARF AD or RD. The constructs were cloned into nph4-1/arf7 protoplasts, the integrated reporter genes are tightly regulated in response to auxin, and expression of the integrated reporter genes as well as selected endogenous auxin response genes require transfection of an ARF activator or an ARF DBD fused to an AD to activate the auxin response genes. 11, 15 In contrast, the Tiwari et al. 10 experiments relied on wild type carrot protoplasts and a transfected P3(4X):GUS reporter gene (i.e., an auxin-responsive promoter consisting of inverted repeats of the TGTCTC AuxRE) that, when transfected, might not be present or might be present at one or more copies within protoplasts. The carrot protoplast transfection assays were less tightly regulated than the nph4−1/arf7 protoplast assays in response to auxin and did not require an ARF activator effector gene to observe an auxin response. For these reasons, the nph4−1/arf7 protoplast system along with the two types of integrated auxin response reporter genes described by Wang et al. 11 is a more sensitive and auxinresponsive system than protoplast systems like those used by Tiwari et al., 10 and this might explain why auxin-responsive gene expression that was not dependent on the CTD was revealed in the current experiments, but not in earlier experiments reported by Tiwari et al. 10 How does one explain the auxin responsiveness observed with ARFs that lack CTD domains? It is possible that a proper chromatin environment and promoter composition are required to observe an effect on auxin-responsive gene expression that does not involve the ARF CTD. There is compelling evidence for the importance of the ARF and Aux/IAA CTDs in conferring auxin response gene expression in transient expression systems 10, 11, 16 as well as in transformed plants. 5, [17] [18] [19] There is little evidence to date that suggests auxin response genes might have additional levels of regulation that go beyond the CTD; however, Walcher and Nemhauser 20 have recently reported that ARF5 becomes enriched on the SAUR15 promoter in response to auxin as well protoplast preparations. Similar results were obtained with the independent protoplast preparations. Data in figures represent one of the preparations.
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Effector plasmids were prepared using the EndoFree Plasmid Maxi Kit (Qiagen) following the manufacturer's protocols.
Protoplast isolation and transfection. Protoplast isolation, transfection and GUS activity assays were performed as described previously. 11 In all transfection assays, the 35S:CAT gene was used in place of the ARF effector genes as control for the amount of effector plasmid DNA (10 μg) introduced into protoplasts. Two independent protoplast preparations were tested and each construct was assayed with three replications for the independent
